Bathymodiolin mussels dominate hydrothermal vent and cold seep communities worldwide. Symbiotic associations with chemosynthetic sulfur-and methane-oxidizing bacteria that provide for their nutrition are the key to their ecological and evolutionary success. The current paradigm is that these symbioses evolved from two free-living ancestors, one methane-oxidizing and one sulfur-oxidizing bacterium. In contrast to previous studies, our phylogenetic analyses of the bathymodiolin symbionts show that both the sulfur and the methane oxidizers fall into multiple clades interspersed with free-living bacteria, many of which were discovered recently in metagenomes from marine oxygen minimum zones. We therefore hypothesize that symbioses between bathymodiolin mussels and free-living sulfur-and methane-oxidizing bacteria evolved multiple times in convergent evolution. Furthermore, by 16S rRNA sequencing and fluorescence in situ hybridization, we show that close relatives of the bathymodiolin symbionts occur on hosts belonging to different animal phyla: Raricirrus beryli, a terebellid polychaete from a whale-fall, and a poecilosclerid sponge from a cold seep. The host range within the bathymodiolin symbionts is therefore greater than previously recognized, confirming the remarkable flexibility of these symbiotic associations.
Introduction
Intimate associations between chemosynthetic bacteria and marine invertebrates are widespread in the world's oceans. They are prominent in a range of habitats including deep-sea hydrothermal vents and cold seeps, and shallowwater sea grass and coral reef sediments (for example, Cavanaugh et al., 2006; Dubilier et al., 2008) . These habitats all provide the energy sources needed by the bacteriareduced compounds such as hydrogen and hydrogen sulfide (used by the sulfur-oxidizing symbionts), methane (used by the methane-oxidizing symbionts), and oxidized compounds such as oxygen and nitrate (Cavanaugh et al., 1981; Childress et al., 1986; Hentschel and Felbeck, 1993; Petersen et al., 2011) . Chemosynthetic bacteria use the energy released during oxidation of these reduced compounds to fix carbon dioxide or methane carbon into organic matter, thus providing their animal hosts with a source of nutrition (Stewart et al., 2005; Dubilier, 2009, 2010) . The establishment of symbioses with chemosynthetic bacteria is the evolutionary innovation that allowed invertebrate animals to thrive in novel and in some cases extreme habitats such as deep-sea hydrothermal vents and cold seeps where the input of organic matter from photosynthesis is extremely low (Van Dover, 2000) . However, how these associations are established remains poorly understood.
The first molecular studies showed that the diversity of chemosynthetic symbionts is limited. For example, in 1994, Distel and Cavanaugh showed that all sulfur-oxidizing symbionts from diverse host animals form a distinct monophyletic clade (Appendix Fig. A1 ) (Distel and Cavanaugh, 1994) . However, as more sequences from symbiotic and free-living bacteria have become available, a different picture is beginning to emerge, and recent analyses have uncovered the remarkable phylogenetic diversity of bacterial groups that have established chemosynthetic symbioses. For example, within the Gammaproteobacteria, Dubilier et al. (2008) identified at least nine distinct lineages of chemosynthetic symbionts that are interspersed with free-living bacteria, indicating that chemosynthetic symbioses with marine invertebrates have evolved in at least nine bacterial groups. Furthermore, chemosynthetic symbionts are not limited to the Gammaproteobacteria, as sulfur-oxidizing bacteria from the Alpha-and Epsilonproteobacteria have also formed associations with numerous marine invertebrates (for example, Polz and Cavanaugh, 1995; Suzuki et al., 2005; Goffredi et al., 2008; Gruber-Vodicka et al., 2011) . The evolutionary diversity of other symbioses besides chemosynthetic associations is also beginning to be recognized: as Sachs et al. (2011) show in their recent analysis of the evolutionary history of bacterial symbiosis at broad phylogenetic scales, associations between eukaryotes and bacteria have evolved at least 42 times.
Bathymodiolin mussels within the family Mytilidae are prominent members of deep-sea chemosynthetic communities in habitats such as hydrothermal vents and cold seeps and on sunken organic debris such as wood-and whale-falls worldwide. All bathymodiolin mussels investigated to date live in obligate symbiosis with chemosynthetic bacteria (reviewed by Petersen and Dubilier, 2009; Duperron, 2010) . A number of bathymodiolin genera have been described on the basis of morphology, including Bathymodiolus, Gigantidas, Benthomodiolis, Adipicola, and Idas, but molecular studies suggest that they may be even more diverse (Duperron, 2010) . Some bathymodiolins host only sulfur-oxidizing (SOX) symbionts and some host only methane-oxidizing (MOX) symbionts. Some species host both SOX and MOX bacteria in a dual symbiosis.
Although it is widely accepted that chemosynthetic symbioses evolved multiple times from different bacterial lineages, the symbionts of closely related host animals in many cases form monophyletic clades that exclude the symbionts of other animals and all free-living bacteria. For example, in all analyses to date, 16S rRNA gene sequences from the methane-oxidizing symbionts of bathymodiolin mussels form a monophyletic clade that is a sister-group to the free-living cultivated aerobic methanotrophs of the genera Methylobacter, Methylosarcina, and Methylomicrobium (reviewed by Cavanaugh et al., 2006; Dubilier et al., 2008; Dubilier, 2009, 2010; Duperron, 2010) . Similarly, previous analyses showed that the SOX symbionts of bathymodiolin mussels grouped with each other in a single clade, with the symbionts of vesicoymid clams as their closest relatives (Distel, 1998) . These bathymodiolin symbiont clades contained very few sequences from free-living bacteria, usually clone sequences from samples taken directly in mussel habitats. As the bathymodiolin SOX and MOX symbionts are thought to be horizontally transmitted and acquired by each host generation from the environment, these few environmental sequences could represent either free-living stages of the symbiotic bacteria or symbionts released by the mussels (Won et al., 2003 (Won et al., , 2008 Kadar et al., 2005; . The monophyly of bathymodiolin SOX and MOX bacteria identified in previous studies indicated that these symbioses evolved only twice in bathymodiolin mussels, once with sulfur-oxidizing bacteria and once with methaneoxidizing bacteria.
Recently, large-scale metagenomic and 16S rRNA gene diversity studies discovered close free-living relatives of the bathymodiolin SOX and MOX symbionts that are abundant in marine oxygen minimum zones and in cold seep sediments worldwide (Walsh et al., 2009; Canfield et al., 2010; Zaikova et al., 2010) . However, the phylogenetic relationships between these widespread free-living bacteria and the bathymodiolin symbionts are unclear, because no study has analyzed a large number of sequences from both groups. Furthermore, sequence data are continually becoming available due to ongoing sampling and sequencing efforts, and tools for analyzing these data have been developed. Such tools include ARB-Silva, a curated database of full-length high-quality 16S rRNA gene sequences including those from genome and metagenome studies (Pruesse et al., 2007) . Finally, relatives of the bathymodiolin SOX symbionts were recently identified in clone libraries from cold seep and hydrothermal vent sponges, indicating that the host range of these symbionts may be wider than previously assumed (Nishijima et al., 2010) . Here we show by 16S rRNA sequencing and CARD-FISH (catalyzed reporter deposition-fluorescence in situ hybridization) that close relatives of the bathymodiolin SOX and MOX symbionts associate with two other marine invertebrates-Raricirrus beryli, a polychaete worm found on whale-falls, and a poecilosclerid sponge from a cold seep. In addition, we analyzed the phylogeny of 16S rRNA genes from the bathymodiolin symbionts and their animal-associated and freeliving close relatives to better understand their origins and evolutionary history.
Materials and Methods

Sampling and storage
Specimens of the polychaete Raricirrus beryli were collected from a 5.3-m-long minke whale-fall, sunk in the Kosterfjord, Sweden (58°53.1ЈN; 11°06.4ЈE) at 125-m depth in October 2003 (Dahlgren et al., 2006) . Using a Phantom XL remotely operated vehicle (ROV), we recovered whale bones in 2004, 2006, 2007, and 2008 . The recovered bones were placed in seawater and transferred to aquaria in the laboratory with flow-through seawater at 8.0°C
, where they were kept for hours to months. R. beryli individuals were mostly sampled from the bottom of the aquaria where the whale bones were kept. They were identified as R. beryli on the basis of their morphology (Gordon Paterson, Natural History Museum, London, pers. comm. board and stored at -20°C until further processing for DNA extraction or fixed in absolute ethanol for fluorescence in situ hybridization (FISH).
DNA extraction and PCR amplification
DNA was extracted from one ethanol-fixed and seven paraformaldehyde-fixed R. beryli individuals with a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) ( Table 1) . Cytochrome oxidase I (COI) genes were amplified and sequenced from 8 R. beryli individuals to confirm the identity of the hosts. The primers LCO1490 and LCO2198 were used with the following PCR cycling conditions: initial denaturation at 94°C for 5 min; followed by 35 cycles at 94°C for 1 min, 42°C for 1 min, and 72°C for 1 min; followed by a final elongation step at 72°C for 10 min (Folmer et al., 1994) . Either three or four reactions were pooled to minimize PCR bias. PCR products were directly sequenced in both directions. Two haplotypes were found, which differed at two nucleotide positions (Table 1) . BLASTn of these COI sequences showed that the polychaetes were related to members of the family Ctenodrilidae. Three R. beryli individuals, one ethanol-fixed and two paraformaldehyde-fixed, were used for 16S rRNA gene sequence analysis (Table 1) using the general bacterial primers GM3F and GM4R (Muyzer et al., 1995) and the following PCR cycling conditions: initial denaturation at 94°C for 5 min; followed by 20 -25 cycles at 94°C for 1 min, 43°C for 1 min 30 s, and 72°C for 2 min; followed by a final elongation step at 72°C for 10 min. To test how widespread the association of R. beryli with bacteria related to the Bathymodiolus SOX symbionts is, five additional individuals were used for 16S rRNA gene sequence analysis with the primers BMARt193 forward, designed as a specific probe for the Bathymodiolus SOX symbionts (Duperron et al., 2006) , and GM4R. The PCR cycling conditions were as follows: initial denaturation at 94°C for 5 min; followed by 45 cycles at 94°C for 1 min, 50°C for 1 min 30 s, and 72°C for 2 min; followed by a final elongation step at 72°C for 10 min. The Takara ex Taq polymerase (Takara Bio Inc., Shiga, Japan) was used. At least five PCR products from each host individual were pooled, purified with the QIAquick PCR Purification kit (Qiagen), and run on 1% agarose gels. A band of the correct size was extracted from the gels using a QIAquick Gel Purification kit (Qiagen). For cloning, PCR products were ligated into the PCR4 TOPO vector (Invitrogen, Carlsbad, CA) or into the vector pGEM-T Easy (Promega, Madison, WI) and transformed into Escherichia coli TOP10 cells (Invitrogen). Clones were checked for the correct insert size by PCR with vector primers M13F and M13R (Invitrogen). Clones were screened by sequencing primer 907R (Lane et al., 1985) . Sequences with lengths between 500 and 900 nt were aligned in ARB (Ludwig et al., 2004) using the Silva database (Pruesse et al., 2007) . Representative clones from the Bathymodiolus symbiont-related group were chosen for plasmid preparation using the QIAprep Spin Miniprep kit (Qiagen). The plasmid inserts were fully sequenced (both strands) using the following primers: M13F (Invitrogen), M13R (Invitrogen), and 1114F (Lane, 1991) . Full sequences were assembled with DNA Baser Sequence Assembler ver. 2.x (2009) (Heracles BioSoft S.R.L., 2012).
Total community DNA was extracted from 40 mg of sponge-asphalt material as described by Zhou et al. (1996) . This material was used to construct a clone library with general bacterial primers. PCR amplification of 16S rRNA genes, purification, cloning (pGEM-T-Easy vector used), and sequencing were done as described above, with the only exceptions that 30 cycles were used for amplification and GM1F, which binds at E. coli positions 518 -534 (Muyzer et al., 1993) , was used for partial sequencing instead of 907R. A COI gene clone library was constructed with this material using the primers LCO1490 and HCO2198 (Folmer et al., 1994 ; 38 PCR cycles, conditions as described above for 16S rRNA sponge clone library). BLASTn of the COI sequence showed that the sponge is related to members of the Poeciloscleridae. The DNeasy blood and tissue kit (Qiagen, Hilden, Germany) was used to extract DNA from a piece of a second sponge. The COI gene of this individual was amplified and sequenced as described above for R. beryli. The resulting sequence had one base difference from the COI sequence of the first sponge individual (A3 C at position 56).
Phylogenetic analysis
Full-length (Ͼ1400 nt) 16S rRNA gene sequences were imported into the most recent ARB Silva database (release Ref108, 09.09.2011), and aligned with the SINA aligner (Pruesse et al., 2007 (Pruesse et al., , 2012 . Alignments were manually corrected. Phylogenetic trees were calculated in ARB with maximum likelihood (PhyML and RaXML), parsimony, and neighbor-joining methods. Because the PhyML and RaXML phylogenies had identical branching patterns, we used only PhyML phylogenies in further analyses. In all cases, a positional variability filter for Bacteria excluding the most variable positions was used (Peplies et al., 2008) . Maximum likelihood bootstrap values were calculated with 100 resamplings.
Probe design and fluorescence in situ hybridization
One R. beryli individual (specimen 9, Table 1) was dehydrated in an ethanol series and embedded in paraffin (melting temperature 58 -60°C). This individual was sectioned (sections 3-8 ìm) and mounted on SuperFrost plus slides (Menzel-Gläser, Braunschweig, Germany). Before dewaxing, the slides were incubated for 2 h at paraffin melting temperature. Paraffin was removed in three to four Roti-Histol (Carl Roth, Karlsruhe, Germany) baths, each 10 min, and the sections were rehydrated in an ethanol series. Each section was encircled with a liquid-repellent marker pen (Super Pap Pen, Kisker Biotechnology, Steinfurt, Germany). CARD FISH was done on one R. beryli individual with horseradish peroxidase (HRP)-labeled probes (Biomers, Ulm, Germany). The hybridization time was 4 -5 h, and CARD was done at room temberature for 1.5 h. Buffer composition was as described in Pernthaler et al. (2002) . Probe BMARt193 perfectly matched our R. beryli bathymodiolin SOX symbiont-related sequences, so we used this probe in CARD-FISH hybridizations with 30% formamide as described in Duperron et al. (2006) . Probe Non338 (Wallner et al., 1993) was used as a control for background autofluorescence. Sections were additionally stained with 4Ј,6-diamidino-2-phenylindole (DAPI) 1 g/ml for 10 -20 min at 37°C.
The probe BMARt193 (Duperron et al., 2006) had a single mismatch to the sequences from the Chapopote asphalt-seep sponge that were related to the bathymodiolin SOX symbionts. We modified this probe to match the sponge-associated bacteria. The sequence of the new probe called BMARt193modSponge was 5Ј-CGAAGATCCTC-CACTTTA-3Ј. We used the PROBE_MATCH function in ARB to test the coverage of this new probe. Only SOX symbionts of bathymodiolin mussels had perfect matches to this probe. To test the specificity of the probe, we used sections of Bathymodiolus puteoserpentis, whose SOX symbiont 16S rRNA sequence has one mismatch to the BMARt193modSponge probe. At 30% formamide concentration, the probe bound the symbionts of the Chapopote sponge, but not those in sections of B. puteoserpentis (Appendix Fig. A2 ). Details of the sampling, fixation, embedding, and sectioning of B. puteoserpentis (specimen 281ROV/3) can be found in Petersen et al. (2011) . All CARD-FISH experiments using this probe were therefore done using 30% formamide. A new probe was designed with the PROBE_DESIGN tool in ARB to target sequences from the Chapopote sponge that were related to the bathymodiolin MOX symbionts. The new probe, called CspongeMeth208, had the sequence 5Ј-CGCAAGGCTC-TATCCGAA-3Ј. The PROBE_MATCH function in ARB identified no non-target perfect matches in the ARB Silva Ref108 database, and the closest non-target hits had at least three mismatches. We also used this probe on sections of B. puteoserpentis, whose methanotrophic symbiont had five mismatches to the probe sequence, as a negative control. This probe bound the symbionts of the Chapopote sponge at 30% formamide, but not the B. puteoserpentis MOX symbionts (Appendix Fig. A2 ). Chapopote sponge pieces were embedded in Steedman's wax and sectioned as previously described . Slides were dewaxed in three baths of 96% ethanol each for 10 min. Slides were hybridized for 1.5 h, and CARD was done for 10 min (CspongeMeth208) or 40 min (BMARt193modSponge) at room temperature. Buffer composition was as described in Pernthaler et al. (2002) . Sections were stained with DAPI as described above. All photomicrographs were taken on a Zeiss Axioplan 2 fitted with an AxioCam camera and the AxioVision software, ver. 4.7 (Carl Zeiss AG, Jena, Germany). Images were processed by blind deconvolution in AutoQuant (Media Cybernetics, Bethesda, MD).
All sequences from this study have been submitted to the EMBL database and can be found under the following accession numbers: R. beryli COI (two haplotypes, HE863972 & HE863973), R. beryli-associated 16S rRNA genes (HE814584 -HE814592), Chapopote sponge COI (HE814566), sponge-associated 16S rRNA genes (HE814567-HE814583).
Results and Discussion
Relationship of bathymodiolin sulfur-oxidizing (SOX) and methane-oxidizing (MOX) bacteria to other Gammaproteobacteria
Consistent with previous analyses, the MOX symbionts of bathymodiolin mussels grouped together with cultured Gammaproteobacterial methanotrophs of the genera Methylomicrobium, Methylosarcina, and Methylobacter (Fig. 1) . However, the placement of the SOX symbionts in relation to cultivated bacteria contradicted earlier analyses. The chemolithoautotrophic sulfur-oxidizer Thiomicrospira crunogena is widely considered to be the closest cultured relative to the bathymodiolin and vesicomyid SOX symbionts (for example, Stewart et al., 2005; Cavanaugh et al., 2006; Dubilier et al., 2008) (Appendix Fig. A1 ). We could not confirm this in our phylogenetic analyses. Cultured marine heterotrophic Gammaproteobacteria of the genus Reinekea grouped together with the bathymodiolin SOX symbionts (Fig. 1 ). Although this grouping had a low bootstrap value, it was present in all three tree-construction methods (Fig. 1) . Thiomicrospira strains always grouped together with Hydrogenovibrio spp. and Thioalkalimicrobium spp., and this grouping had Ͼ90% bootstrap support (Fig. 1) .
Phylogenies of the bathymodiolin sulfur-and methaneoxidizing symbionts and their free-living close relatives.
In contrast to previous phylogenetic studies of the bathymodiolin SOX and MOX symbionts, our analysis shows that neither of these symbiont groups form a monophyletic clade that excludes all free-living bacteria. Both the SOX and MOX symbionts fell into multiple clades that were interspersed with free-living bacteria (Figs. 2, 3) . Some of these free-living bacteria were from reducing habitats where chemosynthetic symbioses occur, such as hydrothermal vents and cold seeps. We therefore cannot rule out the possibility that these sequences are from symbiotic bacteria that were released by host animals that we have not yet sampled and sequenced. Intriguingly however, a large number of the free-living sulfur-oxidizers that fell within the SOX clade were from two groups of marine Gammaproteobacteria called "SUP05" and "GSO" (Fuchs et al., 2005; Lavik et al., 2009; Schmidtova et al., 2009; Walsh et al., 2009; Canfield et al., 2010; Zaikova et al., 2010) . These bacteria are abundant in marine oxygen minimum zones (OMZs), oxygen-starved regions that occur from Canadian fjords, to the Pacific open ocean, the Namibian and Chilean upwelling regions, and the Arabian Sea. SUP05 and GSO bacteria have been sampled from the water column in locations far from any hydrothermal vent or cold seep where bathymodiolin mussels and other animals that host chemosynthetic symbionts are found. These bacteria are therefore unlikely to be symbionts of yet-unsampled host species. Like the SOX symbionts, SOX-related bacteria from OMZs are chemolithoautotrophic sulfur oxidizers. However, unlike the symbionts, they seem to be strict anaerobes that use nitrate only as a terminal electron acceptor (Walsh et al., 2009; Canfield et al., 2010) . Our results show that the SOX-related 16S rRNA sequences from OMZs did not form an exclusive group, but instead formed a number of distinct well-supported clusters, some of which contained symbiont sequences and sequences from hydrothermal vents (Fig. 2) .
Multiple origins of bathymodiolin symbioses?
For the bathymodiolin mussels, we asked the question, did only two bacterial lineages give rise to symbioses, one Figure 2 . Maximum likelihood phylogeny of 16S rRNA genes from the bathymodiolin sulfur-oxidizing symbionts and their free-living and symbiotic close relatives. For symbiotic bacteria, species names of the hosts are shown. Symbiont sequences are highlighted according to their host animal group. Symbionts of bathymodiolin mussels (highlighted in yellow) fall into four different clades, shown on the right. Black, gray, and white circles indicate maximum likelihood bootstrap values (100 resamplings). Branches also present in maximum parsimony and neighbor-joining phylogenies are indicated with asterisks. Scale bar represents 5% sequence divergence.
SOX lineage and one MOX lineage, with subsequent diversification of hosts and symbionts as previously assumed? Or did multiple closely related free-living strains of sulfur oxidizers and methane oxidizers colonize different species of bathymodiolin mussels independently? Put simply, how many times during evolution were bathymodiolin mussels colonized by free-living bacteria? We would expect a symbiont lineage that originated from a single free-living ancestor to form an exclusive clade containing only its symbiotic descendents. For example, the SOX symbionts of the bathymodiolin mussels in Clade 1 are monophyletic and contain exclusively symbiotic bacteria (Fig. 2) . This lineage therefore appears to have a single common ancestor, and one explanation is that this lineage originated from a single free-living sulfur oxidizer. If bathymodiolin mussels were colonized multiple times independently by different lin- Figure 3 . Maximum likelihood phylogeny of 16S rRNA genes from the bathymodiolin methane-oxidizing symbionts and their free-living and symbiotic close relatives. For symbiotic bacteria, species names of the hosts are shown. Symbiont sequences are highlighted according to their host animal group. Symbionts of bathymodiolin mussels (highlighted in yellow) fall into six different clades, shown on the right. Black, gray, and white circles indicate maximum likelihood bootstrap values (100 resamplings). Branches also present in maximum parsimony and neighbor-joining phylogenies are indicated with asterisks. Scale bar represents 5% sequence divergence.
eages of free-living bacteria, we would expect to see symbiont sequences falling into separate groups. This is what we saw when we compared all known SOX and MOX symbionts of bathymodiolin mussels with their free-living relatives. The SOX sequences fell into four clades, the MOX into six, and these clades were interspersed with sequences from free-living bacteria (Figs. 2, 3) . All clades were supported by the three methods of tree construction used, but due to limitations in the resolution of the 16S rRNA gene, the relationships between the groups were unclear. Clade 4 of the SOX symbionts provides the clearest example for an independent lineage, separate from the major group of bathymodiolin symbionts (Clade 1). It groups together with free-living bacteria, which fall basal to the symbiont sequences, providing further support for the hypothesis that free-living ancestors of this clade established symbioses with bathymodiolin mussels independently of Clades 1-3. We therefore hypothesize that symbioses with bathymodiolin mussels were established more than once by free-living sulfur-oxidizing bacteria. The same may be true for the methane-oxidizing symbionts, but more marker gene sequences would be needed to confirm this. This observation is consistent with the recent awareness that chemosynthetic symbioses were formed in a multitude of bacterial lineages (Dubilier et al., 2008; Gruber-Vodicka et al., 2011) . It shows how often these associations can evolve, reflecting the strong selective advantage of forming such symbioses.
An alternative hypothesis that would explain why symbiont sequences were interspersed with those from freeliving bacteria is that facultative symbiotic bacteria occasionally switch back to an obligate free-living lifestyle (Sachs et al., 2011) . Since horizontal transmission, which has been proposed for the bathymodiolin symbionts, implies a free-living environmental stage, this would also seem to be a reasonable interpretation of the phylogeny of the bathymodiolin SOX symbionts and their free-living relatives. Such "abandonment events," in which symbionts switch back to an exclusively free-living lifestyle, have been hypothesized for the nitrogen-fixing rhizobial symbionts of legumes. Phylogenetic reconstructions for these symbionts showed similar phylogenetic patterns to ours, in which symbiont sequences are interspersed with those from freeliving bacteria (Sachs et al., 2009 (Sachs et al., , 2010 . In some cases, the rhizobial symbiont sequences could be identified as basal to their free-living relatives, which supports this interpretation. However, we do not think that abandonment of the symbiotic lifestyle is the most reasonable explanation for our results for a number of reasons. Firstly, symbiont sequences never fell basal to free-living sequences. In the one case where such relationships could be determined, sequences from free-living bacteria were basal to the symbiont sequences (Clade 4, Fig. 2) . In this case, we would have to assume (1) gain of symbiotic function at the node common to the vesicomyid and bathymodiolin symbionts, (2) subsequent loss of symbiotic function (abandonment) to explain the presence of free-living bacteria in this clade, and (3) re-gain of symbiotic function by the symbionts of B. sp. Gabon Margin and B. heckerae (Clade 4, Fig. 2) . Secondly, experimental evidence has recently shown that adaptation to a host-associated lifestyle carries fitness trade-offs in the free-living state. In competition assays, the Vibrio fisheri strains that were the most successful colonizers of their Euprymna scolopes squid hosts were also the least fit when grown in seawater (Wollenberg and Ruby, 2012) . For these reasons, and considering that beneficial animal-microbe associations have clearly been established multiple times during evolution from multiple lineages of free-living bacteria (Dubilier et al., 2008; Sachs et al., 2011) , we consider multiple origins to be the most parsimonious explanation for the observed phylogeny of bathymodiolin SOX symbionts and their free-living relatives.
Evolutionary flexibility: Close relatives of the bathymodiolin sulfur-and methane-oxidizing symbionts associate with phylogenetically distant host animals
In this study, we found close relatives of the bathymodiolin SOX symbionts in 16S rRNA clone libraries from eight individuals of the terebellid polychaete R. beryli from a whale-fall in Sweden (Table 1) . CARD-FISH with a probe designed specifically for bathymodiolin SOX symbionts, which perfectly matched our R. beryli-associated sequences, showed that the SOX-related bacteria were epibionts in a mucous layer outside of the worm (Fig. 4) . Phylogenetic analysis showed that the SOX-related sequences from R. beryli formed a well-supported clade within the bathymodiolin sulfur-oxidizing symbiont group (Fig. 2) . Although the role of the SOX-related epibionts of R. beryli is unclear, the association appears to be specific. Firstly, no bathymodiolin mussels are known to occur at the whale-fall where we sampled R. beryli, indicating that these epibionts are not contaminants from co-occurring mussels. Secondly, the SOX-related epibionts were consistently found in clone libraries from all individuals investigated, even those sampled in different years (Table 1) . Finally, SOX-related sequences were never found in a previous study in which extensive clone library and FISH analyses were done on co-occurring Osedax worms from the same whale-fall (Verna et al., 2010) .
In a 16S rRNA gene clone library from a poecilosclerid sponge from the southern Gulf of Mexico, we identified two groups closely related to bathymodiolin symbionts. One was related to the sulfur-oxidizing (4 clones) and one to the methane-oxidizing symbionts of bathymodiolin mussels (43 clones out of 85). In phylogenetic analyses, these groups formed two distinct clades that grouped together with the bathymodiolin symbionts but were distinct from them (Figs. 2, 3) . To investigate the abundance and location of the SOX-and MOX-related phylotypes in sponge tissues, we designed specific oligonucleotide probes for both groups. CARD-FISH with these probes showed that both groups were abundant within the sponge tissue (Fig. 4) . MOX relatives were more abundant than SOX relatives, reflecting their relative abundance in the clone library. Like the epibionts of R. beryli, the beneficial role of the sponge-associated SOX-and MOX-related bacteria remains unclear. Nishijima et al. (2010) also found bathymodiolin SOX-and MOX-related bacteria in an unidentified poecilosclerid sponge from the northern Gulf of Mexico. These authors concluded that the SOX-related bacteria from the sponge were likely to be specific to their hosts. This was based on two observations: Firstly, the sponge-associated bacteria were distinct from the symbionts of the co-occurring bathymodiolin mussels at this site, indicating that they were not symbionts released by the mussels and taken up by the sponge through filter-feeding. Secondly, if the SOX-related bacteria were contaminants from the environment, then co-occurring sponges that filter-feed would be expected to have the same SOX-related bacteria. This was not the case. An astrophorid sponge from the same site in the northern Gulf of Mexico had SOX-related bacteria that were distinct from those associated with the co-occurring poecilosclerid sponge. The SOX-and MOX-related bacteria in the sponges we investigated are also distinct from the SOX and MOX symbionts of the Bathymodiolus mussels they co-occur with at Chapopote (Figs. 2, 3 ; L. Raggi, F. Schubotz, K.-U. Hinrichs, N. Dubilier, J. Petersen, unpubl. results). Furthermore, they were present in both sponge individuals that were available for this study, and were not yet found in environmental clone libraries from Chapopote (K. K. et al., unpubl. results) . These preliminary observations indicate that the Chapopote sponge association with SOX-and MOX-related bacteria may be specific. Sampling and analysis of more individuals would be needed to confirm this.
Our clone library and CARD-FISH analyses of R. beryli and the poecilosclerid sponge show that close relatives of the bathymodiolin SOX and MOX symbionts also associate with these hosts. Furthermore, 16S rRNA sequences related to the bathymodiolin SOX symbionts were recently found in clone libraries from the whale-fall snail Rubyspira osteovora in the East Pacific (Johnson et al., 2010) . Our results, together with those from Johnson et al. (2010) and Nishijima et al. (2010) , show that the bathymodiolin SOX symbionts and their close relatives can associate with three animal phyla, Mollusca, Annelida and Porifera, and four animal classes, Bivalvia, Gastropoda, Polychaeta, and Demospongiae. The host range of the bathymodiolin SOX group is therefore greater than previously recognized. This kind of evolutionary flexibility has not yet been shown for the bathymodiolin symbionts. The only other chemosynthetic symbiont lineage that is assumed to be so flexible in associating with diverse host animals is the sulfur-oxidizing symbionts of marine oligochaetes and nematodes, where symbiont transfer between hosts of the phyla Annelida and Nematoda may have occurred (Dubilier et al., 2008; Heindl et al., 2011) .
Intriguingly, the bacteria associated with distantly related hosts are sometimes more closely related to each other than to the symbionts of closely related hosts or to free-living bacteria. For example, the closest relatives of the sulfuroxidizing symbionts of B. puteoserpentis and B. azoricus from hydrothermal vents on the northern Mid-Atlantic Ridge are not the symbionts of B. sp., a closely-related species from the southern Mid-Atlantic Ridge, but bacteria associated with the snail Rubyspira osteovora from the Monterrey Canyon whale-fall (Fig. 2) (Johnson et al., 2010; van der Heijden et al., 2012) . This indicates that these symbionts might have been transferred between distantly related hosts throughout their evolutionary history. It is currently unclear how such a transfer between bathymodiolin mussels from hydrothermal vents in the Atlantic and R. osteovora from a Monterrey Canyon whale-fall could have happened. Since these host animals are not known to cooccur, the transfer presumably happened by the uptake of free-living symbionts and not by direct contact between hosts. The distribution of the free-living symbionts must therefore be immense in order to explain the presence of such closely related symbionts at sites in different ocean basins, separated by an entire continent.
Conclusions and Outlook
We identified close relatives of the bathymodiolin sulfurand methane-oxidizing symbionts that associate with hosts from different animal phyla, indicating that the host range of these symbiont lineages is greater than previously assumed. The diversity of their hosts underscores the remarkable evolutionary flexibility of these bacteria to form associations with animals. It reflects the strong selective pressure in these bacterial lineages to hitch a ride with an animal host. Future studies should address the following questions:
(1) How are symbionts transferred between phylogenetically and geographically distant hosts? (2) Is there a free-living form of these symbionts? They are widely assumed to exist, but so far have not yet been identified. If there are free-living forms, what is their geographic distribution? (3) Which genomic changes allow symbionts to colonize novel hosts?
A recent study by Mandel et al. (2009) showed that horizontally transmitted luminescent Vibrio fisheri symbionts can colonize novel hosts by acquiring a single regulatory gene, which demonstrates that simple genetic changes might be sufficient for such host-swapping to occur. Our 16S rRNA gene phylogenies, including sequences from metagenome studies, identified many free-living bacteria from open-ocean environments that fell within the sulfurand methane-oxidizing symbiont clades, in contrast to previous studies that identified only a few free-living bacteria in each clade. Intriguingly, close relatives of the sulfuroxidizing symbionts are highly abundant members of the bacterioplankton in marine oxygen minimum zones worldwide, which attests to the unparalleled success of this group in distant and disparate habitats, and with contrasting lifestyles. Genomes or metagenomes are available for symbiotic and free-living members of this group (Kuwahara et al., 2007; Newton et al., 2007; Walsh et al., 2009; Petersen et al., 2011) , and comparative genome studies, which are underway in our laboratory, might identify common attributes that allowed these bacteria to become so successful.
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